Edited by George M. Carman Food-borne trans-fatty acids (TFAs) are mainly produced as byproducts during food manufacture. Recent epidemiological studies have revealed that TFA consumption is a major risk factor for various disorders, including atherosclerosis. However, the underlying mechanisms in this disease etiology are largely unknown. Here we have shown that TFAs potentiate activation of apoptosis signal-regulating kinase 1 (ASK1) induced by extracellular ATP, a damage-associated molecular pattern leaked from injured cells. Major food-associated TFAs such as elaidic acid (EA), linoelaidic acid, and trans-vaccenic acid, but not their corresponding cis isomers, dramatically enhanced extracellular ATP-induced apoptosis, accompanied by elevated activation of the ASK1-p38 pathway in a macrophage-like cell line, RAW264.7. Moreover, knocking out the ASK1-encoding gene abolished EA-mediated enhancement of apoptosis. We have reported previously that extracellularATPinducesapoptosisthroughtheASK1-p38pathwayactivated by reactive oxygen species generated downstream of the P2X purinoceptor 7 (P2X 7 ). However, here we show that EA did not increase ATP-induced reactive oxygen species generation but, rather, augmentedtheeffectsofcalcium/calmodulin-dependentkinaseII-dependent ASK1 activation. These results demonstrate that TFAs promote extracellular ATP-induced apoptosis by targeting ASK1 and indicate novel TFA-associated pathways leading to inflammatory signal transduction and cell death that underlie the pathogenesis and progression of TFA-induced atherosclerosis. Our study thus provides insight into the pathogenic mechanisms of and proposes potential therapeutic targets for these TFA-related disorders.
TFAs are produced during the industrial food manufacturing processes, mainly through partial hydrogenation of their cis isomers, hereafter called cis-fatty acids (CFAs), present in biological sources, including vegetable and fish oils (1) . CFAs have a wide range of beneficial effects on health, such as anti-inflammatory, antidiabetic, and cardioprotective effects (2) (3) (4) (5) . On the other hand, TFAs have been reported to have adverse effects on health; evidence from epidemiological studies has shown the association of TFA intake with systemic inflammation, diabetes, and cardiovascular diseases (CVDs) (6) . The underlying mechanisms of these TFA-related disorders have been explained by the biological actions of TFAs analogous to those of saturated fatty acids (SFAs) because SFAs have similar physical properties as TFAs and are well established as a risk factor for these disorders, in which the underlying mechanisms have been extensively studied (6) . For instance, increased intake of TFAs as well as SFAs reduces endothelial function (7, 8) , and up-regulates the level of plasma cytokines (9, 10) and low-density lipoprotein cholesterol (a major cause of cholesterol accumulation and inflammation in the artery wall) (11) , thereby contributing to the pathogenesis of CVDs. Nevertheless, TFAs have been known as more potent risk factors for CVDs compared with SFAs, which decrease the level of cardioprotective high-density lipoprotein cholesterol (12) . Moreover, a previous report demonstrated that TFAs, but not SFAs, decrease membrane fluidity and particularly inhibit insulin-induced antilipolytic effects and glucose transport in adipocytes (13) . Thus, TFAs have specific adverse biological effects that are probably associated with a risk of TFA-related disorders. However, to date, there have been few studies of the biological effects of TFAs at the cellular or molecular level, and the underlying mechanisms of the disorders associated with TFA intake remain largely unknown.
Among TFA-related disorders, TFAs are most strongly associated with atherosclerosis, a major cause of CVDs, which is shown by a number of epidemiological studies and research using a mouse model (12, 14 -16) . Atherosclerosis is regarded as an inflammatory disease because macrophages play major roles in its pathogenesis and progression; monocytes circulating in the blood are recruited to athero-prone arterial sites, differentiate into macrophages, and finally become so-called foam cells in response to oxidized lipoproteins, which contribute to plaque formation and pro-inflammatory responses in atherosclerotic lesions (17) . Apoptotic macrophages increase in advanced atherosclerotic lesions because of insufficient clearance of apoptotic macrophages through phagocytosis by neighboring macrophages, called efferocytosis (17, 18) . The remaining apoptotic macrophages eventually undergo necrotic cell death, called secondary necrosis, resulting in the release of proinflammatory molecules, such as damage-associated molecular patterns, from the macrophages and the amplification of proinflammatory responses, leading to the progression of atherosclerosis (17, 18) . Extracellular ATP, one of the damage-associated molecular patterns leaked from damaged tissues or cells, is a potent inducer of macrophage apoptosis through the P2X purinoceptor 7 (P2X 7 ) receptor coupled with ion fluxes (19, 20) . We have previously reported the mechanism by which the ATP-P2X 7 receptor axis mediates apoptosis; ATP-induced P2X 7 receptor activation causes reactive oxygen species (ROS) generation, which induces activation of apoptosis signal-regulating kinase 1 (ASK1)-p38 MAPK pathway, thereby leading to apoptosis (21) . A recent study showed that the P2X 7 receptor is highly expressed in macrophages in atherosclerotic lesions and that knockdown of the P2X 7 receptor in mice reduced plaque formation and plasma cytokine levels, suggesting the involvement of ATP-P2X 7 receptor signaling in atherosclerosis progression (22) . It is assumed that TFAs exacerbate atherosclerosis by promoting macrophage apoptosis downstream of ATP-P2X 7 receptor signaling, which contributes to the onset of CVDs; however, no study has been carried out to examine this assumption.
In this study, we show that elaidic acid (EA, C18.1 9T), the most abundant TFA in foods (1), but not oleic acid (OA, C18.1 9C) as a cis isomer of EA, drastically enhanced extracellular ATP-induced cell death by causing hyperactivation of the ASK1-p38 pathway. Palmitic acid (PA, C16.0), a typical SFA in foods, also enhanced extracellular ATP-induced p38 activation and cell death but clearly to a lesser extent than EA. Other TFAs, including linoelaidic acid (LEA, C18.2, 9T12T) and trans-vaccenic acid (TVA, C18.1 11T), but not their cis isomers, also significantly enhanced extracellular ATP-induced p38 activation and cell death. These results demonstrate a novel TFA-specific biological action for inflammatory signal transduction and cell death, which explains the pathogenesis and progression of atherosclerosis associated with TFAs.
Results

EA drastically enhances extracellular ATP-induced p38 activation and cell death
To examine whether TFAs potentiate macrophage apoptosis induced by extracellular ATP, we compared the effects of EA (the most abundant TFA in processed foods) and OA (its cis isomer) on ATP-induced cell death in a macrophage-like murine cell line, RAW264.7. First we checked the cytotoxicity of EA and OA for RAW264.7 cells. As shown in Fig. 1A , treatment of EA and OA did not change the viability of RAW264.7 cells in the range of 0 -300 M, whereas treatment of PA, an SFA that is known to have severe cytotoxic effects, caused a significant decrease in cell viability in a concentration-dependent manner, indicating that EA and OA have no cytotoxic effect on RAW264.7 cells, at least up to 300 M. We next pretreated RAW264.7 cells with 200 M EA or OA, stimulated them with ATP in the range of 0 -1 mM, and then subjected them to a cell viability assay. Interestingly, we found that stimulation with 0.5 mM ATP severely reduced the viability of EApretreated cells (less than 10% cell viability) but not that of control or OA-pretreated cells (about 80 -90% cell viability) (Fig. 1B) . Moreover, when cells were stimulated with 0.5 mM ATP, pretreatment with EA markedly reduced cell viability in a concentrationdependent manner, whereas OA did not at concentrations of 0 -200 M (Fig. 1C) , indicating that pretreatment with EA but not OA drastically enhances ATP-induced cell death.
Because SFAs such as PA are known to have several similar biological actions as TFAs (6), we examined whether PA pretreatment also enhances ATP-induced cell death. As shown in Fig. 1A , 100 M PA pretreatment alone decreased cell viability, and subsequent ATP stimulation also induced slight but significant cell death (Fig. 1D) . Nevertheless, EA enhanced ATP-induced cell death to a much larger extent than PA (Fig. 1D) , suggesting that EA is a more potent enhancer of ATP-induced cell death than PA. CFAs are known to have protective effects against cytotoxicity induced by SFAs (23) . We therefore examined the possibility that CFAs may also suppress TFA-mediated enhancement of ATP-induced cell death. PA-induced cell death was fully suppressed by co-treatment with OA, whereas treatment with OA failed to suppress ATP-induced cell death enhanced by EA (Fig. 1E) , suggesting that EA enhances ATPinduced cell death through a mechanism different from that of PA-induced cell death.
We have previously reported that extracellular ATP induces apoptosis through the p38 pathway activated by P2X 7 receptormediated ROS generation (21) . To investigate whether EA-mediated enhancement of cell death induced by extracellular ATP depends on the activation of p38, RAW264.7 cells were stimulated with a nonlethal dose of ATP (0.5 mM) in the presence or absence of EA, and then the phosphorylation status of p38 was monitored by immunoblotting of cell lysates. As shown in Fig.  2A , pretreatment with EA (200 M) substantially enhanced ATP-induced p38 phosphorylation. In contrast, ATP-induced phosphorylation of other MAPKs, such as JNK and ERK, was not altered by EA pretreatment, suggesting that there is a highly specific mechanism by which EA potentiates ATP-induced p38 activation ( Fig. 2A) . Unlike EA, OA failed to enhance ATP-induced p38 activation (Fig. 2B) . Pretreatment with PA faintly enhanced ATP-induced p38 activation compared with pretreatment with the same concentration of EA (Fig. 2C) . These data show that, among the tested fatty acids, EA most potently enhanced ATPinduced activation of p38, which correlates well with the rate of extracellular ATP-induced cell death shown in Fig. 1D .
EA promotes ATP-induced apoptosis through the ASK1-p38 pathway downstream of the P2X 7 receptor
We next examined whether EA enhances ATP-induced cell death through ROS-dependent activation of p38 downstream of the P2X 7 receptor. As shown in Fig. 3A , the enhanced ATPinduced cell death mediated by EA was significantly suppressed by pretreatment with either the P2X 7 receptor inhibitor Coomassie Brilliant Blue G-250 (CBB), the antioxidant propyl gallate (PG), or the p38 inhibitor SB203580 but not with the JNK inhibitor SP600125, suggesting that ROS-dependent activation of p38 downstream of the P2X 7 receptor is responsible for the enhancement of cell death. Moreover, immunoblot analysis showed that antioxidants such as PG and N-acetylcysteine (NAC) apparently suppressed extracellular ATP-induced p38 activation in the presence of EA (Fig. 3B) , suggesting that the enhanced p38 activation by EA is dependent on ATP-induced ROS generation. To further confirm the importance of P2X 7 receptor signaling on EA-mediated enhancement of ATP-induced cell death, we established P2rx7 and ASK1 KO cell lines that harbor frameshift mutations in all gene loci encoding the P2X 7 receptor and ASK1, respectively (Fig. 3, C and D) . In these KO cell lines, both extracellular ATP-induced phosphorylation of p38 ( Fig. 3E ) and cell death (Fig. 3 , F and G) were almost completely suppressed. Collectively, these data suggest that the enhancement of ATP-induced cell death by EA depends on the activation of the ASK1-p38 pathway and ROS generation downstream of the P2X 7 receptor.
To examine whether ATP-induced cell death enhanced by EA is apoptotic cell death, RAW264.7 cells were stimulated with 0.5 mM ATP with or without EA, and caspase-3 activation The data shown are the mean Ϯ S.D. D, RAW264.7 cells were pretreated with 100 M PA, OA, or EA for 12 h, stimulated with 0.5 mM ATP for 6 h, and then subjected to a cell viability assay. The data shown are the mean Ϯ S.D. Significant differences were determined by one-way ANOVA followed by Tukey-Kramer test. ***, p Ͻ 0.001; NS, not significant. E, RAW264.7 cells were pretreated with 200 M PA or EA in the presence or absence of 100 M OA for 12 h, and then EA-pretreated cells were stimulated with 0.5 mM ATP for 6 h and subjected to a cell viability assay. The data shown are the mean Ϯ S.D. Significant differences were determined by one-way ANOVA followed by Tukey-Kramer test. ***, p Ͻ 0.001.
was assessed by immunoblotting of the cleaved (activated) form of caspase-3 in cell lysates. Stimulation of 0.5 mM ATP induced cleavage of caspase-3 only in the presence of EA (Fig. 4A , fifth through eighth lanes), which was a similar level as observed with stimulation of 1 mM ATP in the absence of EA (Fig. 4A , ninth through twelfth lanes). Only stimulation of 1 mM ATP was reported previously to induce apoptosis (21) . Moreover, a DNA ladder assay demonstrated that 0.5 mM ATP treatment clearly induced apoptosis only when EA was present, as well as H 2 O 2 treatment, which is generally known to induce apoptosis (Fig.  4B ). These data suggest that EA promotes apoptosis induced by extracellular ATP. To confirm the contribution of ROS-dependent p38 activation to accelerated apoptosis, we further examined the requirement of ROS and p38 for enhancement of ATP-induced caspase-3 activation. Indeed, extracellular ATPinduced cleavage of caspase-3 was significantly suppressed either by the antioxidant PG or the p38 inhibitor SB203580 (Fig. 4C) , supporting the notion that the enhancement of ROS-dependent p38 activation contributes to the EA-mediated increase in ATP-induced apoptosis.
EA enhances ATP-induced ASK1 activation without increased ROS generation
ASK1 is directly activated in response to ROS through the change in redox status of its binding partner thioredoxin (Trx). In unstimulated cells, reduced Trx binds to ASK1 and negatively regulates its activation. After ROS are produced, Trx is oxidized and dissociates from ASK1, inducing autophosphorylation (activation) of ASK1 (24) . To examine whether EA enhances extracellular ATP-induced ASK1 activation, we assessed the phosphorylation status of ASK1 in RAW264.7 cells stimulated with 0.5 mM ATP with or without EA. Immunoblot analysis revealed that pretreatment with EA significantly increased extracellular ATP-induced phosphorylation of ASK1 compared with untreated cells, which correlated well with p38 activation (Fig. 5A) . To determine whether EA affects extracellular ATP-induced ROS generation, we next assessed extracellular ATP-induced ROS generation in the presence or absence of EA. However, as shown in Fig. 5 , B and C, FACS analysis using the ROS indicator 2Ј,7Ј-dichlorodihydrofluorescein diacetate (DCFH-DA) showed that EA did not affect extracellular ATP-induced ROS generation at all (Fig. 5, B and C) . These data therefore suggest that EA potentiates extracellular ATP-induced ASK1 activation by a mechanism distinct from ROS generation.
CaMKII participates in the EA-mediated enhancement of ASK1 activation
Extracellular ATP induces Ca 2ϩ influx through the P2X 7 receptor and leads to activation of Ca 2ϩ -dependent enzymes, including calcium/calmodulin-dependent kinase II (CaMKII) (25) . Both ASK1 and CaMKII are closely linked to the pathogenesis and progression of CVDs (26, 27) , and, more importantly, CaMKII functions as an activator of ASK1 (28) . Therefore, it can be assumed that EA enhances ATP-induced ASK1 activation by positively regulating CaMKII activation. To address this possibility, we examined whether the CaMKII-specific inhibitor KN-93 prevents the increase in ATP-induced cell death mediated by EA. As shown in Fig. 6A , KN-93 significantly suppressed the EA-mediated promotion of ATP-induced cell death. Furthermore, KN-93 also markedly suppressed the enhancement of ATP-induced activation of ASK1 and p38 mediated by EA (Fig. 6B) . These results suggest that CaMKII is involved in EA-mediated ASK1 activation. Given that EA enhances ATP-induced CaMKII activation, it is possible that P2X 7 receptor-mediated Ca 2ϩ influx is increased in the presence of EA. We therefore examined whether EA promotes ATP-induced Ca 2ϩ influx using a Ca 2ϩ indicator, Fluo-4. First we confirmed that intracellular free Ca 2ϩ concentrations were not altered by OA or EA pretreatment (Fig. 6C) . We then found that EA-pretreated cells showed a higher increase in Ca influx in EA-pretreated cells for unknown reasons (Fig. 6, D and  E) . On the other hand, OA-pretreated cells showed a much higher increase than EA-pretreated cells (Fig. 6, D and E) even though OA failed to potentiate the ATP-induced p38 activation (Fig. 2B) . In addition, the increased Ca 2ϩ influx by pretreatment with EA or OA was almost completely inhibited by a P2X 7 receptor inhibitor, CBB, suggesting that both fatty acids affect P2X 7 receptor-mediated Ca 2ϩ influx (Fig. 6D) . However, considering that ATP-induced ERK activation, which is reported to depend on P2X 7 receptor-mediated Ca 2ϩ influx (29), was not altered in the presence of EA, as shown in Fig. 2A , the increased Ca 2ϩ influx by EA appears not to influence downstream signaling. Collectively, these observations suggest that EA promotes CaMKII-dependent activation of the ASK1-p38 pathway independent of the increased Ca 2ϩ influx. We next investigated the effect of EA on ATP-induced CaMKII autophosphorylation at Thr-286, which is known to positively regulate CaMKII activity by enhancing its interaction with Ca 2ϩ /calmodulin (30) and also by enabling its sustained activation independent of Ca 2ϩ / calmodulin (31) (32) (33) . We transfected HEK293A cells with plasmids expressing the P2X 7 receptor and CaMKII␣, pretreated with OA or EA, and then stimulated them with ATP. Immunoblot analysis showed that ATP-induced CaMKII phosphorylation at Thr-286 in EA-pretreated cells was increased compared with control or OA-pretreated cells (Fig. 6F) . These results imply the presence of EA-specific mechanisms that activate ASK1 through CaMKII activation.
Other TFAs also enhance ATP-induced cell death
To examine whether the property of EA to enhance ATPinduced cell death is common among other TFA species, we assessed the effects of the following fatty acids on ATP-induced cell death: two other major TFAs in foods, LEA and TVA (1), and their cis isomers, linoleic acid (LA, C18.2 9C12C) and cisvaccenic acid (CVA, C18.1 11C), respectively (Fig. 7A) . LEA, but not LA, dramatically enhanced ATP-induced cell death at the same level as EA, although LEA showed a subtle cytotoxicity even without ATP (Fig. 7B) . TVA pretreatment also showed a relatively small but significant enhancement of ATP-induced cell death, which was not observed in CVA-pretreated cells (Fig. 7C) . Furthermore, both LEA and TVA, but not their cis isomers LA and CVA, respectively, enhanced ATP-induced p38 activation in a similar manner as EA (Fig. 7, D and E) , which correlates with their ability to promote cell death (Fig.   7, B and C) . These data suggest that the promoting effect of EA on ATP-induced apoptosis is a common feature among TFA species.
Discussion
In this study, we have shown that TFAs such as EA, LEA, and TVA, but not their cis isomers, promote extracellular ATPinduced activation of the ASK1-p38 pathway and subsequent apoptosis. The proposed model is shown in Fig. 8 . This is the first report showing the promoting effect of fatty acids (at least several TFAs and PA) on ATP-induced apoptosis and, notably, such a clearly trans form-specific biological effect of unsaturated fatty acids on inflammatory responses. We have further shown that EA promotes ATP-induced cell death far more efficiently than PA (Fig. 1D) . Accumulating epidemiological evidence has shown that TFAs are more closely linked to CVDs than SFAs (12) , and a recent mouse model study has revealed that the intake of TFAs induces more severe atherosclerosis than intake of SFAs (14) . Notably, extracellularly released ATP and the P2X 7 receptor are linked to the progression of atherosclerosis (22, 34) , which is caused by the accumulation of apoptotic macrophages in atherosclerotic lesions. Taken together, our findings raise the intriguing possibility that TFAs promote macrophage apoptosis in atherosclerotic lesions, thereby facilitating atherosclerosis development and CVDs, which should be investigated in future studies.
With respect to the actual amount of TFAs in human bodies, several lines of evidence have shown that the plasma level of EA is ϳ10 M, and that of the whole TFAs is ϳ40 M (35, 36) . Although, to the best of our knowledge, there is no report showing the amount of TFAs in human tissues, several reports have shown that of EA in the livers of rodents. Rodent livers contain 30 -60 mg/g of liver total fatty acids (37) (38) (39) , and the proportion of EA in total fatty acids is 1-3% (40 -42) . Taken together, the concentration of EA in rodent livers is estimated to be 1-6 mM. Thus, the concentrations of fatty acids in tissues such as livers are generally much higher than those in plasma, and the concentrations of TFAs used by us here (50 -300 M) would be physiologically relevant to the human condition.
EA promotes extracellular ATP-induced activation of ASK1 without affecting ROS generation (Fig. 5) . Moreover, we found that EA specifically enhances p38 activation induced by ATP (Fig. 2B) but not that induced by lipopolysaccharide or H 2 O 2 (data not shown), although p38 is activated downstream of ROS-induced ASK1 activation in all cases (21, 43) . These data collectively suggest that EA has a specific role as an enhancer of extracellular ATP-induced ASK1 activation. We demonstrated that the CaMKII-specific inhibitor KN-93 strongly suppressed ATP-induced activation of ASK1 and p38 (Fig. 6B) and subsequent cell death (Fig. 6A) . Moreover, we found that EA, but not OA, augments ATP-induced CaMKII autophosphorylation at Thr-286 (Fig. 6F) , which positively regulates CaMKII activity. CaMKII has been shown previously to directly phosphorylate ASK1 at an unidentified residue other than Thr-845 (the critical autophosphorylation site), which promotes ASK1 activation (28) . Therefore, it is assumed that EA enhances ATP-induced CaMKII autophosphorylation at Thr-286, thereby promoting CaMKII-dependent ASK1 activation. Although the mechanism by which EA potentiates ATP-induced CaMKII autophosphorylation remains to be elucidated, EA may down-regulate the expression or activities of CaMKII phosphatases such as protein phosphatase 1 (PP1) and PP2A (44) . Otherwise, EA may increase O-GlcNAcylation of CaMKII, which has been implicated to be positively associated with its autophosphorylation status (45) . Further studies will be needed to clarify the molecular mechanism for TFA-mediated enhancement of ASK1 activation through CaMKII.
Apoptosis induced by ATP-P2X 7 receptor signaling has been observed in various types of immune cells other than macrophages, including thymocytes, dendritic cells, and mast cells (46) . TFAs may be able to promote extracellular ATP-induced apoptosis in these immune cells in a similar manner as in macrophages, although the signaling pathway that mediates apoptosis in these cells remains to be elucidated. Indeed, in a mouse mast cell line, P-815, ATP-induced p38 activation, and cell death was significantly enhanced by EA (data not shown). Expression of the P2X 7 receptor is not limited in immune cells but also found in neuronal cells and glial cells, like microglia, astrocytes, and oligodendrocytes (47) . The P2X 7 receptor mediates ATP-induced cell death in these cells, which is considered to play a causative role in several neurodegenerative disorders, including Huntington's disease and Alzheimer's disease (47) . Several lines of evidence have shown that intake of TFAs can increase the risk of locomotor ataxia and cognitive disorders, including Alzheimer's disease (48 -51) . Taken together, TFAs may promote neuronal cell death through ATP-P2X 7 receptor signaling and thereby contribute to the development of these disorders. Thus, the promotion of cell death induced by extracellular ATP, which is the newly found biological effect of TFAs, leads to the elucidation of the pathogenetic mechanisms of TFA-related disorders. Moreover, our findings propose the ROS-dependent ASK1-p38 pathway, causing ATPinduced cell death, as a potential diagnostic and therapeutic target to prevent and combat TFA-related disorders.
Experimental procedures
Reagents ATP and KN-93 were purchased from Sigma. CBB was purchased from Fluka. SB203580 was purchased from Santa Cruz Biotechnology. SP600125, NAC, and H 2 O 2 were purchased from Wako.
Plasmids
The cDNA encoding the mouse P2X 7 receptor was obtained by PCR using cDNA from RAW264.7 cells as a template and inserted into pcDNA3.2 with an HA tag plasmid. The cDNA encoding CaMKII␣ inserted into the pCAGGS plasmid was constructed as in a previous report (52) .
Cell culture and transfection
HEK293A and RAW264.7 cells were cultured in Dulbecco's modified Eagle's medium and RPMI 1640, respectively, con- taining 10% heat-inactivated fetal bovine serum and 1% penicillin-streptomycin solution in 5% CO 2 at 37°C. Plasmid transfection was performed using polyethylenimine "Max" (PEI-MAX, Polysciences) according to the instructions of the manufacturer.
Preparation and treatment of fatty acids
Fatty acids, including PA and OA (Nacalai Tesque), EA (Sigma), LA and LEA (Cayman Chemical), and CVA and TVA (Olbracht Serdary Research Laboratories), were prepared as described previously with minor modifications (53) . Briefly, fatty acids were dissolved in 0.1 N NaOH at 70°C and then conjugated with fatty acid-free BSA (Sigma, pH 7.4) at 55°C for 10 min to make 5 mM BSA-conjugated fatty acid stock solutions containing 10% BSA. Cells were treated with various concentrations of BSA-conjugated fatty acids by diluting stock solutions (the final BSA concentration in medium was set to 1%).
Immunoblot analysis
Cells were lysed in ice-cold lysis buffer containing 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 10% glycerol, and 1% protease and phosphatase inhibitor mixtures (Nacalai Tesque). After centrifugation, the cell extracts were resolved by SDS-PAGE and analyzed as described previously (21) . The antibodies used were against phospho-p38, p38, phospho-JNK, JNK, phospho-ERK, ERK, caspase-3, phospho-ASK1 (Cell Signaling Technology), ASK1 (Santa Cruz Biotechnology), phospho-CaMKII, CaMKII (54), HA (Roche), and ␤-actin (Wako). The blots were developed with ECL (Merck Millipore).
Cell viability assay
RAW264.7 cells were seeded on 96-well plates. After any stimulation or treatment, cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt/phenazine methosulfate assay (Cell Titer 96 cell proliferation assay, Promega) according to the protocol of the manufacturer. The absorbance was read at 492 nm using a microplate reader (Multiskan Ascent, Thermo Electron Corp.). Data were normalized to control (100%) without stimulus unless noted otherwise.
DNA fragmentation assay
The DNA fragmentation assay was performed as described previously (21) . Briefly, stimulated cells were collected and suspended in lysis buffer (20 mM Tris-HCl (pH 7.5), 10 mM EDTA, and 0.5% Triton X-100), and the lysates were incubated at room temperature for 10 min, followed by centrifugation at 12,000 ϫ g for 10 min. The supernatants were incubated with 0.2 mg/ml proteinase K and 0.1 mg/ml RNase A for 1 h at 42°C, purified with phenol/chloroform extraction and ethanol precipitation, and separated on an agarose gel.
Generation of knockout cell lines
P2rx7-and MAP kinase kinase kinase 5 (MAP3K5, also known as ASK1) knockout cells were generated using the CRISPR/Cas9 system (55, 56). Two guide RNAs (gRNAs) were designed to target a region in exon 1 of the P2rx7 gene (5Ј-CGGATCCAGAGCACGAATTA-3Ј) and in exon 5 of the ASK1 gene (5Ј-GGTATGGATTCCCGGAAGTA-3Ј) using CRISPRdirect (57) . A gRNA-encoding oligonucleotide was cloned into the lentiCRISPRv2 plasmid (Addgene) (58) , and the plasmid was transfected with HEK293A cells together with a packaging plasmid, psPAX2, and an envelope plasmid, pVSV-G. The supernatants were collected and used to infect RAW264.7 cells, and then infected cells were selected with puromycin and cloned by limiting dilution. To determine the mutations of P2rx7 and ASK1 in cloned cells, the genomic sequence around the target region was analyzed by PCR-direct sequencing using extracted DNA from each clone as a template and the following primers: 5Ј-CGGTGTGTTTCCTTTGG-CTG-3Ј and 5Ј-TTACTGTTTCCTCCCAGCGG-3Ј for P2rx7 and 5Ј-GTCATGCGTTTTCCTC-3Ј and 5Ј-ATATTGTC-TACCCGTTGC-3Ј for ASK1.
Quantification of ROS generation
ATP-induced ROS generation was quantified by FACS analysis as described previously (21), using DCFH-DA (Sigma). FACS analysis was performed using EC800 (Sony) for flow cytometry and FlowJo (Tree Star) for analyzing data.
Measurement of intracellular Ca
2؉ levels ATP-induced Ca 2ϩ influx into cells was assessed using the Calcium Kit II-Fluo 4 (Dojindo) according to the instructions of the manufacturer. Fluorescence intensity was measured at 485-nm excitation/518-nm emission using a microplate reader (Flexstation3, Molecular Devices). For assessing intracellular free Ca 2ϩ concentrations ([Ca   2ϩ ] i ), Fluo-4 fluorescence under Ca 2ϩ -saturated(F max )andCa 2ϩ -free(F min )conditionswasmeasured for cells treated with either 0.1% Triton X-100 plus 2 mM CaCl 2 or 10 mM EGTA, respectively, in Krebs-Ringer-HEPES buffer (10 mM HEPES (pH 7.4), 11.5 mM glucose, 0.1% BSA, 130 mM NaCl, 4.7 mM KCl, 4 mM NaHCO 3 
